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2 Blanton, Sarazin, McNamara, & Wise
central AGN is located above the center of the bar. Sev-
eral other point sources are also evident in Figure 1. All
of these features are easily seen in the raw image prior to
any smoothing, background subtraction, or exposure cor-
rections.





surrounding the center of Abell 2052. The image has been cor-
rected for background and exposure. The color scale is logarithmic









Figure 1 gives the impression that the two holes in the
X-ray image are relatively empty regions surrounded by
dense shells of gas, and that the shells are limb-brightened.
To test this, we determined the surface brightness in the
centers of each of the holes. From the deprojection of the
X-ray surface brightness discussed below, we estimated the
X-ray brightness expected if the holes were indeed empty,
were centered at the same distance as the AGN, and all of
the X-rays were due to projection. This gave a predicted










northern (southern) hole. As a further test, we determined
the mass for the southern shell, assuming it is spherical and
taking the density from deprojection. We compared this
mass to the total mass predicted to be within the volume
of the shell by extrapolating the deprojected density dis-
tribution outside of the disturbed region into these radii.










ing on how the density distribution is extrapolated. Thus,
these numbers are consistent with the idea that the holes
are devoid of X-ray emitting gas, and that the missing gas
was pushed out of the holes and compressed into the shells.
To understand and model the structure in the inner re-
gions of the cluster, we extracted the X-ray surface bright-
ness (Fig. 2a), and spectra in twenty circular annuli cen-





. Each spectrum typically contained several
thousand source counts and was tted with a single tem-
perature MEKAL model with the absorption xed to the
Galactic value (N
H




; Dickey & Lock-
man 1990). Background was taken from the blank sky
elds (Markevitch 2000). The ts reveal that the gas has
cooled to a temperature of kT  1:4 keV at the center
compared to the value of approximately 3.4 keV found for
the outer annuli (Fig. 2c).
Fig. 2.| Surface brightness (a), electron density (b), temperature
(c), and pressure (d), as a function of radius. The vertical dashed
lines mark the mean inner and outer radii of the bright X-ray ring.
The surface brightness values for the band 0.3{10 keV
were deprojected to determine the X-ray emissivity and
gas density (Fig. 2b), assuming the emissivity is constant
in spherical shells. The density and temperature measure-
ments where used to determine the radial variation in the
pressure in the gas (Fig. 2d), assuming the temperature
in the projected spectrum t is the temperature at that
spherical radius. Outside of the brightened shell of X-
ray emission, the pressure exhibits a smooth, monotonic
decrease with increasing radius, which is presumably the
result of nearly hydrostatic equilibrium. There is a nearly





corresponding to the bright ring of X-ray emission and
just outside it. Interior to the ring, the pressure is lower
and shows large oscillations. This is the result of the com-
plex, non-circularly symmetric structure (the holes, bar,
and spur) within this region, and the spherically averaged
pressure is not meaningful.
In order to better determine the pressure in the bright-
est regions of the ring of emission, we measured the pres-
sure in a pie-annular region of the bright ring located to
the West of the center of the cluster. The surface bright-
ness was measured for the region and corrected for back-
ground taken just outside of the ring. We assumed that
the emission in this region was part of a spherical shell of
emission. A spectrum was extracted and the pressure was
determined in a manner similar to that described above.




, which is consistent with the values derived as-
suming spherical symmetry (Fig. 2d).
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4. interaction with the radio source
An overlay of the 6 cm radio contours (Burns 1990) onto
the adaptively smoothed X-ray image (0.3 { 10.0 keV) of
the inner region of Abell 2052 is displayed in Figure 3.
There is a core source located at the center of the cD
galaxy which is seen in both radio and X-ray. Most of
the extended radio emission is projected within the X-ray
holes to the north and south. Almost all of the radio emis-
sion is contained within the bright X-ray shells. However,
there appears to be faint radio emission extending slightly
beyond the shells to the south and north where the shell
is faint or absent.
Fig. 3.| Radio contours of 3C 317 (Burns 1990) overlaid onto the




region of Abell 2052.
Figure 3 suggests that the expansion of the radio source
has displaced the thermal gas which was formerly in the
X-ray holes, and compressed this gas into the bright shells.
As noted above, the X-ray holes do indeed appear to be
devoid of X-ray emitting gas, and the mass of the shells is
consistent with the mass which might have been located
in the holes prior to the displacement. How violent and
energetic is the expansion of the radio source? Heinz,
Reynolds, & Begelman (1998) and Rizza et al. (2000) sug-
gested the radio source would create cavities in the intr-
acluster gas by highly supersonic expansion into the gas.
Such a violent expansion would drive strong shocks into
the intracluster gas. As a result of such strong shocks,
the shell of X-ray gas surrounding the radio-lled cavity
would have a higher temperature, pressure, and specic
entropy than the gas just outside the shell. In fact, this
does not appear to be true of the shells in Abell 2052,
although we cannot rule out supersonic expansion by the
radio source in the past when it was much younger. Our
ts to the X-ray spectra indicate that the average temper-
ature of gas in the shells is 1.1 keV, whereas the temper-
ature of gas just outside the shells is 2.6 keV. Since the
gas in the shells is denser than the gas outside the shells,
the specic entropy is actually much lower than that out-
side the shells. Figure 2d shows that the pressure in the
shells is roughly equal to that just outside the shells, and
there is no evidence for a sharp increase in the pressure
which would indicate the presence of a shock. The largest
increase, which is still roughly consistent with the gradi-
ent in pressure associated with hydrostatic equilibrium,
occurs between radii of approximately 40{45
00
. If we take
the pressure increase at this point as an upper limit on any
shock, the Mach numberM of any shock associated with
the radio source expansion must be M . 1:2. Thus, the
expansion of the radio source is subsonic or mildly tran-
sonic. Similar results have been found for the radio source
cavities in Hydra A (McNamara et al. 2000; David et al.
2001) and Perseus (Fabian et al. 2000).
The relatively slow expansion of the radio source implies
that the material in the radio cavity and the surrounding
shell should be nearly in pressure equilibrium. Assuming
equipartition of energy, Zhao et al. (1993) calculated the
minimumradio pressures for several components of 3C 317
using 6 cm observations. For their radio \halo" component
(the region centered on the core source with dimensions
75  45 kpc which corresponds to most of the volume of
the radio-lled holes), they determined a minimum pres-
sure of P
min





order of magnitude lower than the Chandra value for the
X-ray shells. Even for the radio \bipolar" component (a
30  15 kpc region centered on the core), they calculated






, still lower than the
value derived from our X-ray observations.
Thus, it seems likely that the radio cavities contain some
component with a larger pressure than given by these
equipartition arguments. This may indicate that one of
the basic assumptions of the standard equipartition argu-
ments (random pitch angles, magnetic eld not parallel to
the line of sight, etc.) is wrong. The high degree of polar-
ization of the radio source once corrected for Faraday ro-
tation (Ge & Owen 1994) suggests that the latter assump-
tion might be nearly correct. There may be a large con-
tribution to the pressure from very low energy relativistic
electrons. However, the radio spectrum of the large scale
radio component is quite steep (   1:9), so the equipar-
tition estimates already include a large population of such
particles. The steep spectrum also makes extrapolation to
low energies more uncertain. However, since conned ra-
dio sources typically have curved spectra, the assumption
of a power law spectrum should overestimate rather than
underestimate the pressure from the radio source. The
energy and pressure contribution of ions may be greater
than assumed by Zhao et al. (1993); minimum energy ar-
guments would be roughly consistent with the observed X-
ray pressure if the ratio of ions to electrons was 70, rather
than unity as assumed by Zhao et al. The magnetic eld
may be larger than the equipartition value. Finally, the
nonthermal plasma may only contribute a small fraction
of the total energy in the radio-lled cavities (either be-
cause the local nonthermal pressure is low or because the
radio plasma is lamentary and doesn't ll the volume),
with the majority of the pressure coming from very hot,
diuse thermal gas. We extracted the X-ray spectrum of
the southern hole, and searched for a very hot component
in the spectrum. None was seen, but the observations are
not very restrictive.
Cluster cooling ows with central radio sources are
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useful bolometers for determining the total energy out-
put of radio sources, since the energy is apparently con-
ned within the radio holes by the high pressure intr-
acluster gas rather than going into adiabatic expansion
losses. Assuming that the pressure within the radio cav-





the holes as spheres 20 kpc in diameter, one nds that
the total energy output of the radio source (including the
work done on compressing the intracluster gas) is about
E
radio
 1  10
59
ergs. There is a factor of 2 uncer-
tainty associated with our ignorance of the nature of the
dominant energy component in the radio source (higher
energy for relativistic particles, lower for magnetic elds).
The assumption of near pressure equilibrium implies that
this energy is comparable to the energy content of the
thermal X-ray gas which lled the holes, but very small
compared to the total energy content of the ICM. This
suggests that individual radio sources can have dramatic
eects locally, but individual radio outbursts are unlikely
to have large global eects (i.e., on scales much greater
than 30 kpc). On the other hand, central radio sources
are found in most cooling ows, and the radio source life-
times are much shorter than cluster lifetimes; thus, it is
very likely that radio activity is episodic. The accumu-
lated eect from repeated episodes of radio activity might
aect ICM on larger scales.
The density in the radio cavities is apparently much
lower than that in the ambient gas, and the holes should
therefore be buoyant. They would be expected to rise out
of the center of the cluster at a fraction of the sound speed
in the ambient gas, or t
buoy
 2  10
7
yr. The buoyant
rise time is somewhat longer than the synchrotron life-
time of the large scale radio source (t
syn
 9  10
6
yr),
which is consistent with the steep radio spectrum (Zhao
et al. 1993). The extended diuse radio emission at the
north and particularly the south ends of the ring and faint-
ness of the shells in these regions may indicate that buoy-
ancy and/or related Rayleigh-Taylor instabilities are act-
ing there.
5. relation to cooler materials
We deprojected the surface brightness of the bright





. Based on the X-ray spectrum of the
bright ring, the temperature in these regions is 1.1 keV.
Using the best-tting model, we nd that the isobaric cool-





is much shorter than the probable age of the cluster, but
longer than the upper limit on the age of the radio source
t
buoy
. Thus, it is likely that the gas in the ring is cooling,
but that most of the compression is due to the expan-
sion of the radio source rather than cooling. Note that
this compression is likely to have enhanced the cooling; ei-
ther adiabatic compression or compression by weak shocks
(M < 6:5 for bremsstrahlung cooling) actually speed up
cooling, despite the associated heating of the gas (Lufkin,
Sarazin, & White 2000; Sarazin 2001).
There is also evidence for much cooler material in the
same regions. Contours of H + [N II] emission from
Baum et al. (1988) are plotted over the smoothed X-ray
emission in Figure 4. The core source is seen at these
wavelengths, as well as emission running roughly East-
West through the core and corresponding with the X-ray
bar. There is also a component NW of the center, spa-
tially coincident with the \spur" of X-ray emission. Given
the short cooling time in these regions, it seems possible
that this gas at T  10
4
K has cooled down from X-ray
temperatures, although this probably occurred before the
gas was compressed by the radio source. The displace-
ment of the gas from the higher-pressure central regions
outward into lower ambient pressure would lead to adia-
batic expansion, which could also contribute to cooling.
In general, optical line emission is found associated with
nearly all of the very brightest regions of X-ray surface
brightness. This suggests that the H + [N II] image may
be surface-brightness limited, and that a deeper emission
line image would detect emission from other parts of the
X-ray-bright ring.
Fig. 4.| Overlay of the H + [N II] contours from Baum et al.
(1988) onto the Chandra X-ray image. The H + [N II] emission is
coincident with the brightest part of the X-ray ring, consistent with
the X-ray spectral observations that cooling is occurring in these
regions.
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